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MULTIPLE REACTOR SYSTEM AND METHOD
FOR POLYNUCLEOTIDE SYNTHESIS

This application is a continuation-in-part of Ser.
206,153, filed on June 20, 1983 now, U.S. Pat. No.
4,483,964,

BACKGROUND OF THE INVENTION

1. Field of the Invention

The ability to synthesize polynucleotide fragments
having a desired nucieotide sequence is a useful tool in
both research and applied molecular biology. Short
synthetic polynucleotides (oligonucleotides) are useful
as adaptors or linkers in joining longer DNA segments,
and as hybridization probes and DNA synthesis prim-
ers. Longer polynucleotides can be constructed from
shorter segments having overlapping cohesive ends and
used as structural genes, regulatory regions such as
promoters, terminators, operators, and the like. It is thus
of great interest to provide convenient automatic tech-
niques for producing synthetic DNA fragments with
high yields in a relatively short time.

At present, a variety of approaches for polynucleo-
tide synthesis are available. These approaches can be
characterized based on several criteria. First, the syn-
thesis is usually carried out either on a solid-phase sub-
strate or 1n solution. Solid-phase synthesis relies on
sequential addition of mononucleotides to a growing
chain attached at one end to the substrate. The solid-
phase allows easy separation of the reactants, but the
method requires excess quantities of reactants and usu-
ally provides only small quantities (less than 1 mg) of
the desired sequence. Solution phase synthesis, while it
requires lesser amounts of the expensive reagents and
can provide larger quantities of the product sequence,
requires isolation and purification of the intermediate
product after every addition. Virtually all automated
polynucleotide systems rely on solid-phase synthesis.

Second, the synthesis chemistry must be selected.
There are presently two chemistries in wide-spread use
for automated polynucleotide synthesis. The triester
method, as described by Catlin and Cramer (1973) J.
Org. Chem. 38:245-250 and Itakura et al. (1973) Can. J.
Chem. 51:3649-3651, relies on the addition of suitably
blocked phosphate-triester intermediates which are
generally inexpensive and stable. The phosphite-triester
method, as described by Letsinger and Lunsford (1975)
J. Am. Chem. Soc. 98:3655, is somewhat more complex,
but generally provides higher yields than the phos-
phate-triester method. The utility of the phosphite-tri-
ester method was greatly improved by the use of N,N-
dialkylamino phosphites (amidites) which are more
stable than the phosphoro-chlorodite intermediates ini-
tially employed. While the phosphite-triester method is
often favored because of the greater yield at each nucle-
otide addition, the phosphate-triester method is also
suitable for automated polynucleotide synthesis.

The third choice which must be made is the selection
of a reactor system. Heretofore, solid-phase reactor
systems have generally employed either (1) a tight bed
column, (2) a loose bed column, or (3) a batch reactor.
The tight bed column is tightly packed with the solid-
phase support and the reactants are introduced either in
a single pass or by a recirculating stream. Generally,
such tight packed columns inhibit the mass transfer of
reagents and the resulting slow diffusion rates for the
reactants into the support increase the necessary reac-
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tion time and/or decrease the efficient utilization of
reactants. A second problem experienced with such
tight bed columns is channeling through the column
packing which aggravates the mass transfer problems

No. 5 just discussed.

To partially alleviate these problems, loose bed col-
umns (containing a much higher void volume than the
tight bed columns) have been introduced. By slowly
passing the reactant through the column, higher mass
transfer rates are achieved and utilization of the expen-
sive reactants is improved. Also, channeling is reduced
since the solid phase packing will shift to equalize the
flow profile therethrough. Although an improvement,
the resulting mass transfer is still limited by the lack of
agitation within the reactor. Moreover, the shifting of
the solid phase can generate very fine particles which
can plug the frits used to contain the solid phase within
the reactor. This problem is also experienced by the
tight bed columns, although to a lesser extent.

In a batch reactor, the support matrix is held in an
enclosed vessel. Reactants are introduced and the vessel
contents agitated, typically by bubbling an inert gas
through the liquid in the reactor. While such a system
can provide very efficient utilization of the reactants
(by increasing the retention time in the reactor), rela-
tively large volumes of the reactant and solvents are
necessary to fill the reactor. Moreover, the mixing in
the batch system is typically not complete, and the
solid-phase support is often deposited on the vessel wall
above the reagent level so that it is no longer exposed to
the incoming reagents.

In addition to the above limitations, all three of the
reactor systems just described suffer from bubble for-
mation on the solid-phase substrate which inhibits the
reactions and causes lower yields. The bubble formation
1s caused by certain solvents (in particular the methy-
lene dichloride) which de-gas on the solid-phase sub-
strate.

In view of the above, it would be desirable to provide
a system and method for polynucleotide synthesis
which would avoid or reduce the shortcomings of the
prior art systems and allow the efficient utilization of
process reactants with relatively short retention times
for each reactant. In particular, it would be desirable to

provide a reactor which affords thorough mixing of

reactants to increase the mass transfer rate and which
remains free from plugging. Additionally, it would be
desirable to provide a reactor system comprising a plu-
rality of individual reactor chambers which allow the
simultaneous synthesis of a plurality of polynucleotides
having different nucleotide sequences.

2. Description of the Prior Art _,

Methods and apparatus for the automated solid-phase
synthesis of polynucleotides are described in U.S. Pat.
No. 4,373,071 to Itakura; U.S. Pat. No. 4,353,989 to
Bender et al.,, European Patent Application No.
81101449.5; and in Alvarado-Urbina et al. (1981) Science
214:270-274. See also, Matteucci and Caruthers (1981)

J. Am. Chem. Soc. 103:3185-3191, and Smith (1983) Am.
Biotech. Lab. 1:15-24. Automated systems for the syn-

thesis of polynucleotides are available from Biosearch,
San Rafael, Calif.; Bio Logicals, Toronto, Canada; Ap-
plied Biosystems, Foster City, Calif.; and Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md. These
systems and others generally rely on the synthesis tech-
niques described above.
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SUMMARY OF THE INVENTION -

The present invention provides a method and system
for the sequential modification of a linear polymeric
molecule attached to a dispersed solid-phase support, as
exemplified by the addition of individual nucleotides in
a predetermined order to a nucleotide chain. The dis-

persed solid-phase is retained within a reactor zone
which 1s provided with at least two access ports for the

introduction and removal of reagents. Reagents are
selectively delivered to the reactor zone through at
least one of the access ports by a reagent manifold.
After a predetermined amount of reagent has been in-
troduced, the reactor zone is 1solated from the reagent
manifold and the reagent agitated within the zone by
inducing a reversing flow of the reagent through the
twoO access ports.

The subject method and system provide highly effi-
cient reactant utilization with relatively short retention
time when compared with the reactors of the prior art.
In particular, by providing a relatively loose packed
column, efficient agitation of the solid-phase support is
achieved without channeling and inhibition of mass
transfer. Moreover, the reversing flow of reactants and
wash solutions help prevent plugging of the access
ports of the reactor zone. By manifolding a plurality of
reaction zones to a common reagent manifold, two or
more polynucleotides having differing sequences may
be simultaneously synthesized. Such simultaneous syn-
thesis can increase the number of polynucleotides syn-
thesized many-fold while requiring only a fractional
increase in the overall synthesis time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the reactor
system of the present invention including the reactor
and reagent delivery apparatus where NO indicates a
normally open port, NC indicates a normally closed
port, and C indicates a common port.

FIG. 2 illustrates a modification of the reactor system
of FIG. 1, which modification provides for a plurality
of reactor zones connected to the single reagent deliv-
ery apparatus, where NO indicates a normally open
port, NC indicates a normally closed port, and C indi-
cates a common port.

FIG. 3 i1s a schematic diagram of one of the interface
channels used to drive the solenoid-operated control
valves of the reactor system.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

The reactor system including both the reactor and
the reagent delivery apparatus of the present invention
is broadly applicable to a wide variety of chemical syn-
thesis and degradation techniques which result in modi-
fication of a linear polymeric molecule attached to a
dispersed solid phase substrate or support. The reactor
system can be used with a wide variety of well known
chemical methodologies where the attachment of the
polymeric molecule to the solid-phase substrate facili-
tates separation of the molecule from liquid phase reac-
tants. Thus, the reactor system will find its greatest use
in stepwise reactions which require precise and re-
peated separation of a polymeric material comprising a
plurality of units in predetermined order from liquid
phase reactants. In particular, the reactor system will
find use in the stepwise formation or degradation of
linear polymeric materials, such as proteins (poly(amino
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acids)) and polynucleotides, e.g. either poly(deox-
yribonucleotides), i.e., DNA, or poly(ribonucleotides),
1.e.,, RNA, or derivatives thereof, e.g. substituted bases,
where the polymeric chains are attached to an insoluble
macroscopic solid-phase support. The design of the
reagent deltvery system 1s such that with minor modifi-
cations to the “plumbing” (arrangements of tubing and

valves) and adjustments to the control elements, several
reactors can be fitted to the reagent delivery system so

that more than one polymer could be synthesized (or
degraded) simultaneously. It should also be possible to
incorporate systems for detection, monitoring and con-
trol of the reaction(s) as adjuncts to the device. It may
also prove possible to purify oligomers while they re-
main bound to a solid-phase support. This process
would take advantage of chemical differences between
the desired product and “failure”, i.e., abortive or in-
complete, sequences (e.g. the presence of the 5'-dime-
thoxytrityl group in the present embodiment of oligonu-
cleotide synthesis).

The remainder of this description will be directed
primarily to the synthesis of polynucleotides, but it will
be appreciated by those skilled in the art that the reactor
system would require only minor modification for use in
protein synthesis, protein sequencing, carbohydrate
synthesis, nucleotide sequencing, and the like. Methods
to achieve these syntheses and degradations are well
known. Exemplary references include: Edman and
Henschen (1975) Protein Sequence Determination,
Springer-Verlag, Berlin, p. 232; Stewart, J. M. and
Young, J. D. (1969) Solid Phase Peptide Synthesis,
Freeman and Co., San Francisco; and Tu and Wu
(1980) Methods Enzymol. 65:620.

The reactor system of the present invention com-
prises one Or more reactor zones which are connected
to a reagent mantfold capable of selectively delivering
the reagents necessary for a particular reaction to each
reactor zone. The reactor zones each include at least
two access ports having porous barriers to contain the
dispersed solid-phase support material, and reagents
may be delivered to the reactor zone through either or
both of the barriers. Means are provided for isolating
the reactor zones from the reagent manifold and for
inducing a reversing flow of reactants through the reac-
tor zones, typically by applying pressure alternatively
at each access port. The oscillating or reversing flow
provides a thorough yet gentle agitation of the dis-
persed solid-phase support and the reactants.

Convenilently, each reactor zone comprises an elon-
gate tube or column which is open at each end. The
cross-section of the reactor will usually be circular
although this is not necessary, and the dimensions of the
reactor are not critical. Most often, it will be desirable
to minimize the volume of the reactor to reduce the
usage of reagents, which reagents can be very expen-
sive. The reactor is always kept totally full of liquid
reagent during agitation; the cross-sectional area should
not affect flow properties. Also, the cross-sectional area
of the tube or column should not be so large that plug
flow of reactants under pressurization is prevented.
Conveniently, the reactor column will have an inside
diameter in the range from about 0.1 to 1.0 cm, usually
from about 0.1 to 0.5 cm. The length of the reactor
column can vary even more widely, usually being at
least 1.0 cm with no upper limit, more usually being
about from 1.0 cm to 25 cm. For the synthesis of
polynucleotides, a reactor having a length of 5 cm and
an internal diameter of 0.3 cm (with a resulting volume
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of 300 wl) has been found suitable. For protein synthesis,

the reactor dimensions will generally be greater, usually
being 500 ul or larger. The reactor structural material is
not critical, with glass, stainless steel or other inert
materials being suitable.

The reactor column is enclosed at either end by po-
rous barriers, such as glass, Teflon ®), or stainless steel
frits. The pores in the barriers must be sufficiently fine
to retain the dispersed solid-phase support within the
reactor, yet be sufficiently large to allow introduction
and removal of liquid phase reagents without excessive
pressure requirements. For a dispersed solid-phase hav-
ing particle dimensions in the range from 5 to 200 pm,
suitable Teflon R) or stainless steel materials for the
barriers are available from Omnifit, Atlantic Beach,
N.Y.; however, glass (porosity C, 3 mm dia. X3 mm
thick) available from Ace Glass, Midland, N.J., is pre-
ferred. The construction of the reactor column and frits
1s conventional and need not be further described.

The solid-phase support will typically be comprised
of small porous beads or particles in the form of a resin
or gel. Numerous materials are suitable as solid-phase

supports for the synthesis and/or degradation of

polynucleotides and polypeptides. In general, such sup-
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ports should provide good mass transfer in and out of 25

their pores, be chemically inert, be minimally affected
by reagents and solvents, and allow derivatization, at-

tachment and removal of the polymeric material of

interest. Preferred solid-phase materials include poly-
styrene derivatives, controlled pore glass, aluminum
oxide beads, and silica beads. Particularly preferred is
long chain alkyl amine control Pore Glass (LCAA-
CPG) available from Pierce Chemical, which may be
derivatized by coupling deoxynucleoside 3'-O-succinic
acid derivatives to the glass beads. Such nucleoside-
dertvatized LCAA-CPG is available from American
Bionuclear, Emeryville, CA. The size of the solid-phase
beads may vary from about 5 to 200 um, with beads of
size range 100-180 mm being preferred.

In order to enhance mixing and mass transfer within
the reactor column, it is desirable that the solid-phase
support material be loosely packed. By loosely packed,
it 1 meant simply that the solid-phase beads will be a
slurry or suspension, not to exceed 50% w/v, able to
shift positions under the influence of the reversing flow
of reagent and wash solutions. During the oscillatory or
reversed flow action, mentioned above and described in
detail below, the solid-phase support will successively
and repeatedly undergo transitions from a loosely
packed column (upward flow) to a more tightly packed
column (upward flow) to an agitated suspension or
slurry (w/v=50%) to a loosely packed column (down-
ward flow) to a more tightly packed column (down-
ward flow) and the reverse. Thus, the present invention
provides aspects and advantages, without the shortcom-
ings, of both a loose bed and tight bed column, and
batch reactor simultaneously.

Referring now to FIG. 1, a particular single reactor
system employing the present invention for the synthe-
sis of polynucleotides will be described. The system
employs the deoxynucleotide phosphoramidite method
first described by Beaucage and Caruthers (1981) Tet.
Lett. 22:1859-1862. Although the term nucleotide gen-
erally refers to the phosphate oxidation state, as used
herein it will be understood to mean either phosphite-
or phosphate-containing nucleoside. This approach is a
variation of the phosphite-triester method described
hereinbefore. With suitable modification, however, the
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system of the present invention has been readily adapted
to the phosphate-triester method, and could easily be
moditied to accept virtually any other solid-phase poly-
nucleotide synthesis method.

The reactor system 10 includes a reactor column 12
and a reagent manifold 14. The reactor column 12 is a
glass tube having an inside diameter of 0.3 cm and a
length of 5.0 cm, resulting in a reactor volume of 300 ul.
Glass frits (porosity C) 20 and 22 are attached at each
end to provide porous barriers for the introduction and
removal of reactants. No other ports are provided.

T'he reactor column 12 is separated from the reagent
manifold 14 by an isolation valve 16 and from an inert
gas manifold 40a by isolation valve 18. The first isola-
tion valve 16 is connected to porous barrier 20 by a
conduit 26, while the second isolation valve 18 is con-
nected to porous barrier 22 by a conduit 28. The con-
duits 26, 28 are flexible tubing formed from an inert
material, such as Teflon ®) or Kel-F ®). The diameter of
the tubing will depend on the reactor volume and vol-
ume of reagents being transferred. Generally, inside
diameters in the range from 0.5 to 1.5 mm will be suit-
able.

For reasons that will be described hereinafter, it is
desirable that the conduits 26 and 28 provide a surge
volume intermediate the isolation valves 16, 18 and the
reactor column 12 at least equal to the volume of the
reactor column 12. Conveniently, such surge volume
can be provided by coiling a predetermined length of
the tubing of conduits 26 and 28. Alternatively, the wall
of the reactor column 12 could be extended beyond the
barriers 20, 22 to provide the necessary additional vol-
ume.

The 1solation valves 16 and 18 are three-way, two-
position automatic valves, typically soleneid-operated
valves. The first isolation valve 16 is connected at the
common port to conduit 26, as just described. The nor-
mally open port of valve 16 is connected to the reagent
manifold 14 by a conduit 17, and the normally closed
port 1s connected to a lower waste discharge line 44.
The second isolation valve 18 is similarly connected at
the common port to conduit 28 and at the normally
open port to the upper waste discharge line 45. The
normally closed port of valve 18 is connected to the
inert gas manifold 40a.

The waste valve 29 is also a three-way, two-position
automatic valve and has common and normally open
ports connected to the reagent manifold 14 and conduit
17, respectively. The normally closed port is directed
through conduit 30 to a drain or waste reservoir (not
shown). In the de-energized position, reagent manifold
14 1s connected to the reactor column 12 through con-
duits 17, 26 and valve 16. In the energized position, the
reagent manifold 14 is open to conduit 30, the vent-
/waste port.

The reagent manifold 14 connects a number of rea-
gent and wash solution supply reservoirs 32 to the reac-
tor column 12 through valves 16 and 29. Generally, the
supply reservoirs 32 are connected to the reagent mani-
told 14 in pairs comprising one reagent and one wash
solution. For example, reservoir 32a holds dry acetoni-
trile wash solution which is connected in parailel with a

~number of the reagents, including the N,N-dime-

thylaminophosphoramidites corresponding to the four
nucleotide bases, where THY is thymidine, ADN is
adenosine, CYT 1s cytidine, and GUA is guanosine
(reservoirs 325, ¢, e, and f, respectively) and tetrazole
(I'ET, reservoir 32d). Others of the reagents are indi-
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vidually paired with wash solution, as required. Dichlo-
roacetic acid/methylene dichloride (DCA/MDC, res-

ervoir 32g) is paired with a wash solution of methylene

dichloride (MDC, reservoir 324), and iodine in lutidi-
- ne/tetrahydrofuran/water (In/LUT/THF/H;0, reser-
voir 32k) is paired with a wash solution of lutidine/tet-
" rahydrofuran/water (LUT/THF/H;0, reservoir 32/).

- Although the reagents indicated above and elsewhere
herein exemplify the preferred embodiment of the pres-

ent invention, it will be recognized by those skilled in
the art that a vartety of alternatives may be employed,
e.g., 2-methylimidazole may replace dime-
thylaminopyridine (DMAP), collidine or pyridine may
substitute for LUT, acetonitrile or dioxane for THF,
trichloroacetic acid (T'CA) or zinc bromide for DCA,
nitromethane or chloroform and MDC, t-butylhy-
droperoxide or hydrogen peroxide for I, etc.

Each of the reagent/wash solution pairs 1s connected
to the reagent manifold 14 at a single entry point. It is
preferred to make the connection with a pair of valves

in series. Referring, for example, to the connection of

reservoirs 32a and 326, a first two-way valve with com-
mon port 34H 1s connected in the reagent manifold 14,
while a three-way valve 36b receives the protected
nucleotide (thymidine) through a normally closed port
and the acetonitrile wash solution through a normally
open port. The three-way valve has two positions and
acts as a selector in directing either the protected nucle-
otide or the wash solution to the first valve 345, Valves
34 have two ports that are always open and in common
with the reagent manifold 14, and one normally closed
position such that when the valve is energized, it directs
the flow of either the protected thymidine or the wash
solution to the reagent manifold 14. Although valve 34
will not block the flow of reagents to or from upstream
(more remote from the reactor 12) when it is opened to
flow from valve 36, this presents no operational prob-
lem due to the way the reagents are positioned along the
reagent manifold 14. The reagent manifold 14 is thor-
oughly washed between synthetic steps by wash aceto-
nitrile (reservoir 32m) which is the reagent most remote
from the reactor 12. Also, since the system is open be-
yond the reactor through valve 18 and conduit 45, the
flow of reagents is directed through the reactor 12 and
no appreciable flow of reagents in the opposite direc-
tion occurs.

Each of the remaining reagent/wash solution pairs is
similarly arranged with three-way and two-way com-
mon port valves 36 and 34, respectively. Although it
would be possible to employ four-way, three-position
valves, the use of a pair of valves, as just described has
certain advantages. First, leakage of the reagent or
wash solution is less likely because of two blocking
valves in series, rather than a single blocking valve. This
1S an advantage because even trace amounts of certain
of the reagents, if introduced at the wrong time during
synthests, will destroy labile reactants and/or the prod-
uct and halt the synthesis. Second, since the wash solu-
tions are directed through the valving after the active
reagents, the liquid in the short conduit between and in
the valves 34 and 36 will be wash solution. Thus, even
if a small amount of leakage occurs across the first valve
34, the wash solutions are generally not harmful to the
synthesis. Also, leakage of solutions from the common
or normally closed position of valves 36 into the reser-
voirs 32 will not result in the loss of stored reactants,
since the material will be wash solutions which are
miscible and non-reactive.
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The flow of reagent and wash solutions through the
reactor system 1s initiated by pressurization of each of
the reservoirs 32 with a dry, inert gas, typically helium,
filtered to remove particulates. To this end, helium is
introduced through inert gas supply line 40; the helium
manifold 4056 is provided which supplies via pressure

regulator 396 (Omnifit) a constant positive pressure,

typically from about 15 to 25 psig, to each of the reser-
voirs. The pressurization of each reservoir is individu-

ally controlled by two-way valves 42 which also isolate
one reservoir from another. This 1s necessary since the
reagent vapor pressures are sufficiently high to cause
both unwanted chemical reactions to occur in the he-
ltum manifold 404 and contamination, and potentially
mactivation, of the reagent solutions. Helium supply
line 40, 1n addition to being connected through helium
manifold 405 to each of the reservoirs 32, is also di-
rected via pressure regulator 39q to helium manifold
40a which similarly provides a constant, positive pres-
sure, but typically of 5-15 psig. Helium manifold 40q is
connected through a blocking valve 43 to the end of the
reagent manifold 14 remote from the reactor column 12.
Finally, the helium manifold 40« is also connected to
one end of the reactor column 12 through isolation
valve 18 and to the other via the reagent manifold 14
and valves 29 and 16.

It will be evident to those skilled in the art that the
use of a single, common, inert gas manifold, preferably
maintained at 5-15 psig, to supply helium pressure to
both reagent reservoirs 32 and the reactor 12 (via both
valve 18 and reagent manifold 14 and valves 29, 16) is an
alternative to the above preferred means. However, in
the present preferred embodiment of the invention, the
use of separate helium manifolds 402 and 405, main-
tained at different pressures (5-15 and 15-25 psig, re-
spectively), accelerates delivery of reagents from the
reservoirs 32 to the reactor 12.

In order to reduce the total volume of reagents used
by the system, avoid entrapment of reagents within the
valves and minimize the cycling time between nucleo-
tide additions, it 1s desirable that the valves have a low
internal volume and a short actuation time. ‘“Series 2”
and “Series 3” solenoid valves available from General
Valve Corporation , Fairfield, N.J. are suitable for the
system of the specific embodiment.

All valves in the system are capable of automatic
actuation, typically being solenoid or other electrically-
operated valves. In this way, the system can be auto-
matically operated from a central controller, typically a
programmable microcomputer or other controller ca-
pable of the sequential actuation of the valves in a pre-
determined order. Details concerning the construction
of a suitable central controller are set forth hereinafter.

In operation, the reactor column 12 is first removed
from the system 10 and loaded with a suitable solid-
phase support which has previously been derivatized
with a desired nucleoside. Such derivatized supports
may be obtained commercially from vendors such as
Applied Biosystems, Inc., Foster City, Calif.; Vega
Biochemicals, Tucson, Ariz.; American Bionuclear,
Emeryville, Calif.; and others.

After reconnecting the reactor column 12 to the con-
duits 26 and 28, the reactor system will be flushed with
a wash solution, typically acetonitrile. The reactor sys-
tem 1s then ready for the addition of nucleotides to the
support. The procedure which will be described is as
found in co-pending application Ser. No. 457,412. In
general, the procedure consists of four basic reaction
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steps with intermediate washing steps. The reactions are
(1) detritylation, (2) condensation with the desired
phosphoramidite (3) blocking unreacted hydroxyl
groups with acetic anhydride and dimethylaminopyri-
dine, and (4) oxidation of the phosphite to the phosphate
with iodine. After the desired chain sequence is synthe-
sized, the resulting polynucleotide will be released from
the solid-phase support, treated to remove the protect-
Ing groups, purified, and sequenced to assure that the
proper structure has been obtained.

A more detailed description of the operation of the
reactor system of the present invention will be made in
reference to the timing chart shown in Table 1.

TABLE 1
B e e e —— e —————
Step Description Reagent Reservoir Repetitions
1  Wash MDC - 32h 2
2 Detritylation DCA/MDC 32g 3
3  Wash MDC 32h 2
4 Wash CH3CN (wash) I2m 2
5 Wash CH3CN (dry) 32a 3
6 Condensation Tetrazole 32d 3
Amidite 32b,c,eorf
7  Wash CH3CN (dry) 32a 1
8  Wash CH3CN (wash) 32m 2
9 Capping DMAP 321 2
AcyO 32)
10  Wash CH3CN (wash) 32m ]
11  Wash LUT/THF/H;O 321 1
12  Oxidation I/ LLUT/THE/H>O 32k 1
13  Wash LUT/THE/H>O 32] 3
14  Wash CH3CN (wash) 32m 3

Total Cycle Time:

10

10
DCA/MDC. In this way, complete washing of the
valves 34g/h, 36g/h and the manifold is assured and

trace contamination avoided. When any reagent is in-

troduced 1nto reagent manifold 14 through a valve 34, a
small portion may flow in the manifold 14 distal to the

.valve 34, with reference to the reactor 12, due to com-

pression of the column of helium gas in manifold 14:
however, it can be flushed through reagent manifold 14
to the waste discharge line 44 by activation of valves 43
and 16 during the next agitation cycle.

The reactor column 12 is then washed twice with
wash acetonitrile from reservoir 32m and three times
with dry acetonitrile (reservoir 32a). Each washing step

Time/ Total
Repetition*  Step Time*
15 sec 30 sec
60 sec 180 sec
15 sec 30 sec
15 sec 30 sec
15 sec 45 sec
45 sec 135 sec
15 sec 15 sec
15 sec 30 sec
45 sec 90 sec
15 sec 15 sec
20 sec 20 sec
20 sec 20 sec
20 sec 60 sec
15 sec 45 sec

12 min 25 sec

%
*The times indicated do not include the necessary reagent fill times of 20 sec for LUT/THF/ H70 and I/LUT/THF/H-0,

12 sec for MDC and DCA/MDC, and 10 sec for all other solutions.

The first step in each successive addition of a nucleotide

1s the removal of the dimethoxytrityl(di-p-anisylphenyl- 35 is of 15 seconds duration. A portion of the reagent is

methyl) blocking group present on the 5-hydroxyl of the
last nucleotide added to the chain. The step, referred to as
detriylation, is accomplished by introducing a mixture of
dichloroacetic acid (DCA) and methylene dichloride
(MDC) from reservoir 32g. The DCA/MDC is
introduced through valves 34g/h, 36g/h as described
previously. Sufficient reagent is introduced so that con-
duit 26 and reactor 12 are filled, with conduit 28 remain-
ing substantially empty. This filling can be accom-
plished by opening valves 34g/h and 36g/h for a mea-
sured period of time, typically 5 to 7 seconds.

After filling, the valves 16, 43 and then 18 are alter-
nately actuated so that helium pressure (5-15 psig) from
helium manifold 40¢ is applied in turn to each end of the
reactor column 12. With a column volume of 300 w] and
helium pressure at 10 psig, a frequency in the range of
from about 1 to 10 Hz., usually about 1 to 5 Hz, is suit-
able to provide efficient mixing of the solid and liquid
phases as a suspension or slurry. Agitation can be con-
tinued as long as desired; usually any helium bubbles
that adhere to the solid-phase support are shaken off
after about 5-10 seconds. This is necessary since gas
bubbles adhering to the solid-phase support would in-
terfere with the reactions taking place at or near the
support surface. For detritylation, agitation is continued
for approximately 60 seconds, after which time the
column 12 is drained through the upper waste line 45.
The detritylation step is then repeated with fresh
DCA/MDC two times for a total of three repetitions.

After detritylation, the reactor column 12 is washed
twice with methylene dichloride (MDC). The methy-
lene dichloride is introduced through the column
through the same valves 34g/h, 36g/h as the

40
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first routed through the vent/waste port 30 prior to
being diverted to the column 12. This ensures that con-
taminants in the reagent manifold 14 do not reach the
reactor. The waste discharge line is used throughout the
synthesis whenever reagent integrity is critical. |

The nucleotide chain is now ready for the addition of
the next nucleotide. The desired phosphoramidite and
tetrazole are first selected by alternately energizing the
appropriate three-way values 36 (b,c,e or f and d, re-
spectively). These reagents are then metered (mea-
sured) out in equal volumes by alternate energization of
the related two-way valves with common port 34 (b,c,e,
or f and d) for approximately 200 msec. each. In this
way the stream of reagent entering the column 12 is
almost completely mixed. It is also possible to aliquot
more than phosphoramidite simultaneously, which thus
permits, e.g. the synthesis of degenerate hybridization
probes. The condensation reaction is carried out for 45
seconds, with the reversing flow agitation as described
before. Two repetitions of 45 seconds each are per-
formed.

The reactor column 12 is next washed with one 15
second treatment of dry acetonitrile from reservoir 32a.
The acetonitrile will be introduced through valves 344,
36d and the valves 34, 36 associated with the reservoir
32b, 32¢, 32¢ or 32f from which the nucleotide amidite
was just introduced. The manifold 14 and reactor 12 are
then exposed to wash acetonitrile from reservoir 32m.

Betfore proceeding with oxidation of the phosphite to
the phosphate, the unreacted nucleotide chain with a
terminal phosphate remaining from the previous cycle
1s capped using dimethylaminopyridine (DMAP) from
reservolr 32/ and acetic anhydride (Acz0) from reser-
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voir 32j. The capping reaction, which terminates and
thus effectively removed undesired, abortive reaction
products, is performed twice for 45 seconds. The col-
umn is then washed twice for 15 seconds with wash
acetonitrile from reservoir 32m directed through valves
34, 36 associated with each reservoir 32/ and 32j A
second washing step with LUT/THF/H;0 from reser-
voir 32/ is performed for 20 seconds.

The oxidation of the phosphite to phosphate 1s then
performed using iodine in LUT/THF/H>0 from reser-
voir 32k. The oxidation requires only one repetition of
20 seconds, and is followed by three wash cycles (20
seconds each) with LUT/THF/H;0O from reservoir
321

Prior to beginning the next nucleotide addition cycle,
the column is washed with wash acetonitrile (reservoir
32m) three times (15 seconds each). The steps 1-14
(Table 1) require a cycle time of approximately 12 min-
utes, 25 seconds, and will be repeated for each nucleo-
tide which is added to the nucleotide chain.

At the end of the synthesis, the solid-phase support 1s

removed from the reactor column 12 and the polynucle-
otide may be recovered by conventional techniques.
For example, the covalent link between the polynucleo-
tide and the support may be hydrolyzed with ammonia
at room temperature. After separating the support by
filtration or centrifugation, the filtrate may be further
deblocked at elevated temperature. A subsequent acid
deprotection of the 5'-dimethoxytrityl group may or
may not be desirable at this point. The polynucleotide
may then be purified by high-performance liqud chro-
matography or by electrophoresis on polyacrylamide
gels.
- The reactor system just described can be modified to
include a plurality of reactor zones. As illustrated in
FIG. 2, four reactor columns 12a-124 are connected in
parallel in a manner that will now be described. It will
be understood, however, that the manner of connecting
the reactor columns will be suitable for any number of
columns from two upward.

In constructing a multiple column reactor system
according to the present invention, the reagent mani-
fold may remain essentially unchanged from FIG. 1,
with the exception that isolation valves 16 and 18 and
vent/waste valve 29 will be removed and replaced with
the manifold system illustrated in FIG. 2. Conduit 17
which extends from a common port of valve 34b is
connected to a plurality of first isolation valves 50a-d.
The first i1solation valves 50 are two-way, two position
valves with common ports of the type previously de-
scribed. The valves 30 are connected with their com-
mon (C) ports in series to allow the flow of reagents
through conduit 17 and finally to conduit 30, the vent-
/waste port connected to the normally closed two-way
valve 31. Flow through conduit 17, however, may be
selectively diverted to any one of the reactor columns
12 by actuating the associated first isolation vaive
S0a-d, as will now be described.

Each of the first isolation vaives 50 is connected
through its normally closed (NC) port to a second isola-
tion valve 52. The second isolation valves 52 are two
position, three-way valves, where the normally open
port 1s connected to the first isolation valve 32 and the
common port i1s connected to the column 12 through
valve 54 (see below) and conduit 26. Thus, by selec-
tively actuating individual ones of the first isolation
valves 50, a predetermined reagent or wash solution
from the reagent manifold will be selectively directed to
a particular reactor column 12a, b, ¢ or d.
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The construction of the reactor columns 12 and con-
necting conduits 26 and 28 is as described previously for
the single reactor system. Additional isolation valves 54

"and 56 are connected to each of the conduits 26 and 28,

respectively. The isolation valves 54 and 56 are also
three-way, two position valves of the type described
previously for the single reactor system and are neces-
sary to provide for alternate pressurization of each side
of the reactor column, as will be described in more
detail below. The normally open port of each valve 54
is connected to the common port of the associated valve
52, while the common port of valve 54 is connected to
conduit 26 and the normally closed port directed to
lower waste discharge line 44. For valve 56, the com-
mon port is connected to conduit 28, while the normally
closed port is connected to the helium manifold 40q
(5-15 psig) and the normally open port is directed to
upper waste discharge line 45. When reagents are being
fed to any one of the reactors 12, the valve 50 will be
energized to open the normally closed port defining a
flow path from valve 50 to conduit 26. Valve 56 will be
in its de-energized position allowing the reactor 12 to
vent through the normally open port as the reactor i1s
filled with the reagent.

When it is desired to pressurize the reactor 12 in

-order to initiate a reversing flow of reagents, the second

isolation valve 52 will be energized to close its normally
open port and block incoming reagent from conduit 17.
The associated first isolation valve 50 will be de-ener-
gized to block the flow of reagents to valve 52 (and
unblock conduit 17 so that downstream reactors may be
charged with reactants). In this way, double block
valves are provided to assure that reagents will not
accidentally leak into the associated reactor 12.

One isolation valve 50 is de-energized and valve 52 is
energized, pressurized helium (5-15 psig) will be di-
rected through valve 52 to the normally open port of
isolation valve 54. The same helium pressure is already
present at the normally closed port of isolation valve 56.
Thus, helium can be introduced to either side of the
reactor column 12 by selectively energizing either valve
52 or valves 56 and 54 simultaneously. By alternately
actuating the valves, the desired reverse flow agitation
of reagents in the reactor 12 can be induced.

With the manifold system illustrated in FIG. 2, 1t 1s
possible to direct the flow of a single reagent to more
than one of the reactors 12 simultaneously. Only one
reagent can be directed to the reactors since the reagent
manifold is capable of delivering only a single reagent at
a time. Although such simultaneous reagent delivery
may sometimes be of value, it normally will not find use.
In the first place, it is very difficult to precisely control
the flow of reagents to two or more reactors simulta-
neously. As various combinations of reactors are se-
lected, the pressure drops will vary, resulting 1n a diftfer-
ent flow of reagent to each of the reactor columns 12.
Moreover, since it is not possible to simultaneously
direct different reagents, at least the introduction of the
nucleoside reagent must be accomplished separately
when different polynucleotides are being synthesized.
Thus, the present invention normally contemplates the
sequential addition of reagents to each of the reactor
columns 12 in turn, followed by the approximately
simultaneous agitation of the reagents within the reac-
tor columns 12. |

The operation of the multiple-reactor system is essen-
tially the same as that described previously for the sin-
gle reactor system, with the exception that each reactor
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12 will be filled sequentially with the desired wash
solution or reagent. Since the reactions are being car-
ried out in parallel, the necessary wash reagents will
usually be i1dentical in each reactor column 12 at each
process step. The phosphoramidites will, however, vary
as necessitated by the particular sequence of the polynu-
cleotides being synthesized in each reactor column 12.
After charging each reactor column 12 with a suitable
“derivatized support, as described previously, the col-
umns will be flushed with a wash solution, typically
acetonitrile. To do so, the dry acetonitrile in reservoir
32a 1s fed into the reagent manifold 14 through, e.g.,
valve pairs 346 and 36b. Prior to the use of dry acetoni-
trile (reservoir 32a) only, the helium manifold 40g is
briefly purged of resident vapor by energizing normally
closed, two-way valve 41 connected to conduit 43, the
vent port. The acetonitrile is first fed into reactor col-
umn 12a by actuating valve 50a. The valves 52a, 54a
and 56q are in their de-energized positions so that the
acetonitrile will flow through the conduit 26a into col-
umn 12a. The flow of acetonitrile is stopped after filling
conduit 28a. After the filling is stopped (by de-energiz-
ing valve 50a), valve 52a is energized to apply helium
pressure onto the normally open port of valve 54a.
Valves 564 and 54¢ remain de-energized, and agitation
of the acetonitrile is commenced. Such energization
apphes the helium pressure (5-15 psig) in manifold 40a
onto the acetonitrile, forcing the charge of acetonitrile
from the conduit 264 through the reactor column 12a
and into the conduit 28a. After a brief time, typically 0.5
to 1 second, valve 564 is energized to close the normally
open port and open the normally closed port to helium
pressure (5-15 psig) in manifold 40e. Simultaneously
with the energization of valve 564, valve 52a is de-ener-
gized to close the normally closed port (blocking the

helium pressure) and valve 54a is energized to open

conduit 26a to the lower waste discharge line 44a. .In
this way, the direction of reagent flow is reversed with
the acetonitrile flowing downward through the column
12a. Such reverse flow agitation is continued for a pre-
selected amount of time, typically 5 to 10 seconds.

As soon as reactor 12g has been filled with acetoni-
trile and valve 50a de-energized to block flow of the
reagent to valve 32aq, acetonitrile can then be intro-
duced into reactor 126 by flow through the two com-
mon ports of valve 50z to valve 50b. By energizing
valve 500, the acetonitrile flows through the normally
closed port upward through valves 52b and 545 (both of
which remain de-energized) and into the column 125.
The steps for filling and reverse flow agitation in col-
umn 125 are exactly the same as those just described for
column 12a. When the filling of column 126 has been
completed, the filling of column 12¢ can begin by de-
energizing valve 506 while simultaneously energizing
valve 50c.

After the acetonitrile wash of each column 12¢-12d
has been completed, the remaining steps 1-14 described
in Table 1 of the application can be carried out in the
same manner. The only changes will be that the neces-
sary reagent or wash solution will be derived from a
different reservoir 32, as appropriate, and valve 41 and
conduit 43, the vent port, will not be employed. Column
12a may be filled with the desired wash solution or
reagent while the remaining columns are completing
the previous processing step. The reagent manifold
14/17 should, of course, be washed with the appropriate
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wash solution (exiting through waste valve 31 and con-

14

duit 30, the vent waste port) prior to a change of rea-
gent 1n order to avoid cross-contamination. |
Suitable programmable controliers for sequencing
the valwng In the manner just described may be pro-
vided using an Applelle ® computer (Apple Com-

puter, Cupertinc, Calif.) equipped with a real time

clock-calendar (Thunderclock Plus, Thunderware Inc.,
Oakland, Calif.), a 32 line parallel interface (John Bell
Engineering, Redwood City, Calif.), an Apple disk
drive, and an Apple Prowriter ®) printer. The real time
clock-calendar is set up to generate a 64Hz interrupt
signal which 1s used to time all machine operations as
well as provide day, date, and time information which
the system softwate can include in a final hardcopy
report after all syntheses. The parallel interface card
employs two 6522 versatile interface adapters that pro-
vide a total of four 8-bit bidirectional data ports. The
controller uses 25 of the 32 available lines configured as
outputs. Valves are energized when the appropriate
output lines from the computer are pulled low.

The interface between the computer and the solenoid
valves boosts the voltage and current levels of the com-
puter (O v, 1 mA) to a sufficient level to drive the sole-
noid valves (24 v, 124 mA). It also provides a visual
display of the status of all output lines. A schematic
diagram (FIG. 3) shows one of 32 identical channels in
the interface. A first inverter 10 (1/6-74L.S04) buffers
the output from the computer and drives an NPN Dar-
lington transistor 12 (TIP120) which in turn drives the
valve solenoid 14. When the parallel output line of the
computer 1s pulled low, the valve solenoid is actuated.
The second inverter 16 controlled the light emitting
diode 18 of the display.

Outputs from interface boards may be brought to the
interface via 3 foot long 16 pin DIP jumpers (Jameco
Electronics, Belmont, Calif)). The inverters are
mounted on two logic boards (Vector 3677-2, Jameco
Electronics) while the power transistors are mounted
on a driver board (Vector 3719-6). Edge connectors are
used to mterconnect logic output to the display board
(Vector 8003). Outputs to the valve board come from
the edge connector of the driver board and terminate at
a 36 pin Molex connector (Marsh Electronics, Milwau-
kee, Wis.) at the valve board. A wiring harness may be
constructed between the Molex connector and barrier
terminal strips where the valve solenoids are connected.
The power supply for the interface is designed to oper-
ate 15 valves simultaneously (~2A) and the display
board (~0.75A). The entire interface assembled is as-
sembled in an LMB CO-9 enclosure (Tritek Electron-
ics, Phoenix, Ariz.). .

The synthetic procedure is arranged as a series of
valve openings and closings at appropriate times, as
described herein before. The valves are controlled by
lines associated with specific output ports in the com-
puter. These lines are turned on and off by placing an
appropriate binary code in the memory location associ-
ated with the port. An assembly ]anguage iterrupt
handlmg routine controls the timing by monitoring
Interrupts generated by the clock-calendar board. Suit-
able assembly language programs for the one and four
reactor systems are attached as Appendices A and B,
respectively. Valve operations are translated to a set of
Integer tables to represent the code and port assign-
ments and the times. A menu-driven Basic program may
be used to generate these integer tables (one for each of
the nucleotides) and a synthesis driver table based on
specific nucleotide synthesis may be thus entered to
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provide the order of nucleotide addition. Suttable Basjc
programs for the one and four reactor systems are at-
tached as Appendices C and D, respectively.

Although the foregoing invention has been described
in some detaill by way of illustration and example for
purposes of clarity and understanding, it will be obvious
that certain changes and modifications may be practiced
within the scope of the appended claims.

What 1s claimed 1s:

5

1. A reactor system for the sequential modification of 10

two more linear polymers attached to dispersed solid-
phase support, said reactor system comprising:

a plurality of reactor zones for holding said dispersed
solid-phase supports, said reactor zones having at
least two access ports defined by porous barriers;

a reagent manifold for selectively delivering particu-
lar reagents to each reactor zone one at a time
through said porous barriers;

means for selectively blocking the flow of reagents to
the reactor zones from the reagent manifold; and

means for selectively inducing a continuously revers-
ing flow of reagent through each reactor zone
when the flow of reagents to that reactor is
blocked.

2. A reactor system as in claim 1, wherein each reac-
tor zone i1s defined by an elongated tubular column
which 1s open at both ends, said open ends defining the
access ports and having the porous barriers thereacross.

3. A reactor system as in claim 1, further including a
surge volume between the means for blocking and the
ends of each reactor zone.

4. A reactor system as in claim 1, wherein the means
for inducing a continuously reversing flow of reagents
includes means for supplying a pressurized inert gas and
means for directing said pressurized inert gas alternately
to both of said access ports on each reactor zone.

D. A reactor system as in claim 4, wherein the means
for directing said pressurized inert gas comprises a
three-way valve intermediate the inert gas supply
means and each access port of the reactor zone.

6. A reactor system as in claim 1, wherein the means
for blocking includes first and second isolation valves
capable of selectively directing reagents to each reac-
tor.

7. A reactor system as in claim 5, wherein the means
for directing further include surge volume between
each three-way valve and the reactor zone, said surge
volume being at least equal to the volume of the reactor
zone.

8. A reactor system for the sequential modification of
two more linear polymers attached to dispersed solid-
phase supports, said system comprising:

a plurality of tubular reactors for holding said solid-
phase supports, said reactor being enclosed at each
end by a porous barrier;

a plurality of reagent reservoirs and wash reservoirs,
at least some of said reagent and wash reservoirs
being arranged in pairs;

a reagent manifold having a plurality of entry ports
for receiving reagents and wash solutions from said
reservoirs, and at least one outlet for directing said
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reagents and wash solutions to the reactors,
wherein said pairs of reagents and wash solutions
each enter the manifold through common entry
ports; and

means for selectively blocking each reactor from the

reagent manifold; and

means for alternately pressurizing the two opposite

ends of each reactor to induce a reversing flow of
reagents or wash solutions therethrough when the
reagent manifold i1s blocked.

9. A reactor system as in claim 8, wherein the pairs of
reagents and wash solutions are connected to their re-
spective entry ports through common valves to assure
that the reagent i1s completely washed from the mani-
fold.

10. A reactor system as in claim 9, wherein each
reagent and wash solution pair is connected to the mani-
fold through two valves in series.

11. A reactor system as in claim 10, wherein the two
valves in series include a two-way common port valve
connected to the entry port in the reagent manifold and
a three-way valve connected to selectively direct either
reagent or wash solution to the two-way valve.

12. A reactor system as in claim 8, wherein the rea-
gent and wash reservoirs are capable of being pressur-
ized to induce a flow of reagent and wash solutions
through the manifold to the reactor zone.

13. A reactor system as in claim 8, further comprising
a control system for selectively directing reagent and
wash solutions to the reactor zones, blocking the reac-
tor zones, and pressurizing the reactor zones to simulta-
neously induce a reversing flow of reagents or wash
solutions therethrough.

14. A reactor system as in claim 12, further including
means for selectively pressurizing the reagents and
wash reservoirs to deliver reagent and wash solutions to
the reactor zone through the reagent manifold.

15. A reactor system as in claim 14, wherein the pres-
surizing means further includes means for isolating the
reservoirs from each other to prevent cross contamina-
tion.

16. A method for simultaneously synthesizing two or
more polynucleotides by selectively introducing rea-
gents to a plurality of solid-phase substrates, each sub-
strate being contained in a tubular reactor zone,
whereby individual nucleotides are sequentially added
to a chain of nucleotides attached to each of said sub-
strates, said method characterized by retaining at least
some of the reagents within each reactor zone and si-
multaneously inducing an oscillating flow of reagents
by alternately pressurizing both sides of each reactor.

17. A method for synthesizing polynucleotides as in
claim 16, wherein the flow of reactants in each reactor
zone 1s reversed at a frequency from 1 to 10 Hz.

18. A method for synthesizing polynucleotides as in
claim 16, wherein the oscillating flow of reagents is
induced by alternately pressurizing each side of the
reactors, with an inert gas.

19. A method as in claim 18, wherein the inert gas is

helium.
F * *® P - X



	Front Page
	Drawings
	Specification
	Claims

